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Abstract We demonstrate an experimental realization
of remote state preparation via the quantum teleporta-
tion algorithm, using an entangled photon pair in the
polarization degree of freedom as the quantum resource.
The input state is encoded on the path of one of the pho-
tons from the pair. The improved experimental scheme
allows us to control the preparation and teleportation
of a state over the entire Bloch sphere with a resolution
of the degree of mixture given by the coherence length
of the photon pair. Both the preparation of the input
state and the implementation of the quantum gates are
performed in a pair of chained displaced Sagnac inter-
ferometers, which contribute to the overall robustness of
the setup. An average fidelity above 0.9 is obtained for
the remote state preparation process. This scheme allows
for a prepared state to be transmitted on every repeti-
tion of the experiment, thus giving an intrinsic success
probability of 1.
1 Introduction
In the quantum teleportation (QT) algorithm, the sender
(Alice) transmits an unknown state to the receiver (Bob)
by means of a shared quantum resource, i.e. an entangled
pair of qubits [1]. Any implementation of the QT proto-
col where the input state is completely known by Alice
can be regarded as remote state preparation (RSP) [2].
RSP is equivalent to QT in the sense that both proto-
cols have the same goal, which is to transfer a quantum
state from Alice to Bob, using at least one pair of max-
imally entangled qubits. The difference is that in RSP,
the qubit Alice transmits to Bob is known. Under cer-
tain conditions (for some specific set of qubits), in RSP
the classical communication cost is lower than that re-
quired for QT [3,4]. In this work we use the QT as a
general remote state preparation algorithm, that allows
us to prepare a quantum state with a controllable degree
of mixture, and send it to a distant party.
Since the development of the quantum algorithm for
teleportation [1], several physical implementations were
attempted, first with photons [5,6,7,8], later on with
atoms during the last decade [9,10,11], and even on a
hybrid setup, between objects of different nature [12].
Quantum teleportation was also used by Rosenfeld et
al. to remotely prepare a pure atomic state [13].
In general, efforts have been focused on achieving
high fidelity on the process and on increasing the physi-
cal distance between remote stages (which are of course
two of the main characteristics of any envisioned quan-
tum teleportation setup). In RSP it is also crucial to
have good control over the input state. The implemen-
tation has to be able to produce superpositions of pure
states, and mixed states. Peters et al., using an entan-
gled pair and a partial projection measurement of the
polarization on the trigger qubit, showed RSP of arbi-
trary qubits with a scheme that is intrinsically limited to
50% success probability due to the impossibility of im-
plementation of a universal NOT gate [14]. The use of
positive operator-valued measures (POVM) also allows
for deterministic remote preparation of arbitrary pure
and mixed states, at a cost of using an entangled pair
and two classical bits, as demonstrated in references [15,
16].
In this work we present a setup for RSP that tele-
ports a quantum state encoded on the path (or linear
momentum) degree of freedom of one of the photons of
a polarization-entangled pair. The use of the path qubit
allows for implementation of a controlled-NOT (C-NOT)
gate, which is indeed a universal gate. As a consequence,
with our setup either a pure or mixed state from the
Bloch sphere volume in the path qubit can be prepared
with a success probability that in principle can achieve
100%. The quantum resource is a polarization-entangled
photon pair, shared by the two remote parties (Alice and
Bob). An arbitrary state is prepared on the path degree
of freedom of Alice’s photon. This is done by means of
an interferometric setup that implements an unitary gate
on the path qubit [17]. Also the degree of mixture of the
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prepared state can be controlled by changing the tem-
poral delay between the interferometer arms. This tem-
poral mismatch allows us to change almost continuously
between a pure superposition and a statistical mixture
of states.
We test the setup exploring several trajectories within
the surface and the volume of the Bloch sphere, and we
measure the average fidelity of the QT process for pure
states, performing standard quantum process tomogra-
phy [18].
This paper is organized as follows: first we describe
the entangled photon source, then we show the pho-
tonic implementation of the QT protocol, and finally we
present the results for state preparation, process tomog-
raphy and fidelity of the process.
2 Experimental Setup
2.1 Entangled photon source
Quantum teleportation relies on a quantum entangle-
ment resource. In the present setup, the entangled sys-
tem consists of a photon pair generated by spontaneous
parametric downconversion (SPDC) in a BBO nonlinear
crystal arrangement, pumped by a 405 nm CW diode
laser. Entanglement between photons is obtained using a
pair of such crystals rotated 90 degrees from each other,
pumped with a beam polarized 45 degrees with respect
to both crystals [19]. The BBO crystals are cut for type-I
SPDC at 29.2 degrees from the optical axis, so that de-
generated photon pairs at 810 nm emerge from the crys-
tal at ±3 degrees from the pump beam. The total thick-
ness of the assembly is 0.6 mm. Brightness of the source
is limited by decoherence from timing information and
spatial mode phase dependence generated by the bire-
fringence of the nonlinear crystals. To avoid these prob-
lems a series of compensating crystals were introduced
on the pump beam and on the photon pair paths to mit-
igate the longitudinal and transversal modes mismatch,
respectively [20]. The temporal pre-compensation was
accomplished with a 0.3 mm a-cut α-BBO crystal placed
on the pump beam, while the transversal phase depen-
dence was compensated using one 0.15 mm long nonlin-
ear BBO crystals cut at the same angle of the SPDC
source on each of the paths of the twin photons. With
this setup we performed a Bell-type test of entanglement
measuring the CHSH inequality, and we obtained a value
for the estimator S = 2.703 ± 0.067. The fidelity be-
tween the produced two-photon state and the Bell state
|φ−〉 = 1√
2
(|HH〉 − |V V 〉) is F = 0.945.
2.2 State preparation and teleportation
The implemented RSP protocol requires a state prepa-
ration stage and a quantum teleportation stage, both
on sender side to transmit the quantum state to a dis-
tant party (Bob). The input stage is encoded on the
path quantum degree of freedom of one of the photons
from the entangled pair. The preparation of an arbitrary
state on this spatial qubit is obtained using an interfer-
ometer with a variable relative phase between the two
paths ∆ϕ1 inside the interferometer, and an additional
variable relative phase ∆ϕ2 at the output [17].
The traditional approach is to use a Mach-Zehnder
interferometer. However, such optical arrangements are
prone to misalignments and phase drifts due to thermal
and mechanical instabilities. In order to achieve correct
performance of a path qubit, an active control of the
interferometer length stability has to be used. This con-
dition increases the complexity of the setup and intro-
duces additional noise on the photon counts due to scat-
tering of the light from the intense control beam on all
the optics elements. Instead, we have used a displaced
Sagnac interferometer to prepare the input state on the
path qubit [21,22]. This arrangement is inherently sta-
ble and allowed us to achieve 98% interferometer visi-
bility in coincidence with Bob detections. The displaced
Sagnac interferometer also ensures that both arms have
equal lengths, so that the photon wavepackets interfere
with the maximum contrast by construction. As a conse-
quence, and due to the limited length of the wavepack-
ets (Lcoh ≈ 21µm ), phase plates have to be inserted
by pairs, one on each arm of the interferometer (phase
plates are plane-parallel BK7 optical windows). Rela-
tive phase differences are generated by tilting one of the
phase plates, which are mounted on goniometers and ac-
tuated via a servomotors. These compact actuators can
rotate 180 degrees with a resolution of 1 degree per step.
Adjusting the offset tilt so that a full 2pi phase shift can
be obtained, the phase resolution for a single step rota-
tion is on the order of λ/300.
The quantum teleportation protocol is accomplished
by the realization of a C-NOT gate, with the polarization
qubit as target and the path qubit as the control qubit,
and a Hadamard gate on the path qubit afterwards, on
Alice side. A schematic representation of the experiment
is depicted on figure 1. The C-NOT gate is generated
with two half-wave plates (HWP): one HWP with the
fast axis aligned vertically on one of the paths and the
other HWP with the axis rotated 45 degrees. The polar-
ization state is left unchanged for photons on path |0〉
while it is rotated 90 degrees for photons on path |1〉.
The Hadamard gate is implemented with a beam split-
ter. In our setup, since both paths of the prepared input
qubit are emerging from a beam splitter, we again exploit
the benefits of the Sagnac geometry and we fold the QT
gates to form another displaced Sagnac interferometer
that shares the beam splitter with the state preparation
one. This is a compact, robust and stable setup that al-
lows for consistent and repeatable RSP of any pure state.
Furthermore, the degree of mixture of the prepared state
can also be controlled: this is achieved with the inclu-
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sion of a length mismatch between the two arms of the
first Sagnac interferometer. The finite coherence length
of the detected photons allows us to change the interfer-
ence contrast from an incoherent, non-interfering light
superposition (no fringe visibility) up to maximum visi-
bility (98%) by tilting one of the phase plates, in steps
of full-cycle phase shifts. The expanded set of accessible
states with this technique is given by the density matrix
ρ =
1
2
(
1 + Vn cos (∆ϕ1) ie
−i∆ϕ2Vn sin (∆ϕ1)
−iei∆ϕ2Vn sin (∆ϕ1) 1− Vn cos (∆ϕ1)
)
,
where Vn is the fringe visibility of the Sagnac interfer-
ometer for a phase shift of 2npi. The purity if this kind
of states is given by Tr(ρ2) = 1/2(1 +V 2n ), which means
that Vn is the modulus of the Bloch vector of the pre-
pared state. The resolution on the degree of mixture
variable is proportional to the ratio λ/Lcoh: in our case
λ=810 nm and from the measured 15 µm FWHM width
of the visibility curve, a length mismatch of 17λ=14
µm is needed to obtain V = 0.1, equivalent to a purity
Tr(ρ2) = 0.505. The visibility can be therefore adjusted
with a resolution of Vn+1 − Vn ≈ 0.06.
Measurement is done in Alice’s side by projecting
the two path outputs of the setup (|0〉 and |1〉) onto the
canonical polarization states |H〉, |V 〉, leading to four
possible outcomes for Alice: |0H〉, |0V 〉, |1H〉 or |1V 〉.
In the present implementation, only two detectors are
used on Alice side, and the projection on the polariza-
tion states is performed by means of half-wave plates
and polarization beam splitters. This leads to an intrin-
sic maximum 50% chance of success for the algorithm,
although it is straightforward to increase it to a 100%
success rate with the inclusion of two additional detec-
tors, that is, one for each of the above 2-qubit states. The
remotely prepared (teleported) state is reconstructed at
Bob’s side by performing standard quantum state to-
mography of the polarization state in coincidence with
any of the four projective measurements obtained by
Alice. Spatial filtering is performed upon detection, by
collecting light from the outputs to single mode optical
fibers before coupling them to single photon counting
modules (Excelitas SPCM-AQ4C). Spectral mode fil-
tering is accomplished using the method developed by
Kurtsiefer et al. [23]: efficient light collection at a given
wavelength range is achieved by matching the beam di-
vergence with the SPDC phase matching divergence, and
then matching these to the optical fiber numerical aper-
ture. In this way, frequency filtering is transferred to the
transverse spatial domain, and frequency selection can
be also achieved through spatial filtering. A relay imag-
ing system was mounted on Alice side for such task. As
a consequence we only use long pass filters (1 mm-thick
RG-715 Schott glass) in front of the detectors to elimi-
nate background and pump light, and from the measured
coherence length we can estimate the spectral bandwidth
of the collected photon pairs to be ∆λ ≈ 10 nm. With
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Fig. 1 Complete setup for remote state preparation. The
SPDC entangled pair source is optimized with temporal and
spatial compensating birefringent crystals. State preparation
is performed on a path qubit on Alice side using a displaced
Sagnac interferometer and phase plates. The C-NOT gate
is implemented with half-wave plates rotated 45 degrees from
each other placed on each of the logical states of the path qubit,
whereas the Hadamard gate is obtained with a third passage
through the beam splitter. Quantum state tomography is ap-
plied on Bob’s photons in coincidence with a detection of a
photon on one of Alice’s outputs, to characterize the remotely
prepared state. Additional detectors shown on dashed lines on
Alice stage (not implemented in this work) allow for a 100%
success chance of the remote preparation process. The inset
shows the visibility curve for the first Sagnac interferometer
at discrete wavelength steps, showing a FWHM width of 15
µm.
the above described entangled pair source and a pump
power of 35 mW, a single spatial mode coincidence rate
of 600 s−1 could be obtained at the output of the com-
plete RSP setup.
Measurement of the Stokes parameters on Bob’s po-
larization state, needed for a tomographic reconstruction
of the teleported state, is performed rotating a HWP
and a quarter-wave plate in front of a beam splitter po-
larizer, placed before the collection optics. These wave
plates are remotely actuated by servomotors which are
directly coupled to the rotation axis of the wave plates,
so that the angular resolution for a single-step rotation
is 1 degree. All servomotors are controlled by Arduino
micro controllers [24] and operated from a desktop per-
sonal computer.
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3 Results
We evaluate the performance of our RSP setup by tele-
porting different sets of pure states (up to the experimen-
tal limit) from the Bloch sphere. We perform quantum
state tomography on Bob’s polarization photon condi-
tioned to the detection of |0H〉 on Alice side. States
from Fig. 2a) are obtained setting ∆ϕ2 to produce a
real, equal-weight superposition and changing ∆ϕ1 over
a full 2pi phase cycle. In this case all the prepared states
lie on the plane generated by the Z and X Pauli op-
erators eigenstates; the mean value of the y-component
from the Bloch vectors of this set of teleported states
is 〈py〉 = −0.02 with a standard deviation of 0.1. The
elliptical shape and tilt that show up on the distribu-
tion of the teleported states on the Z −X plane is due
to the non-ideal entanglement and some residual rota-
tion of the entangled pair used on the protocol, respec-
tively. The other trajectory [Fig. 2b)] is obtained prepar-
ing states that have∆ϕ1 fixed, such that the output from
the first Sagnac is an equal-weight superposition of path
states, while ∆ϕ2 cycles through real and complex su-
perpositions of the canonical states: teleported states lie
on the equator of the polarization Bloch sphere, with
〈pz〉 = −0.02 and a standard deviation of 0.08. In this
particular case the rotation range of the servo actua-
tor and the offset tilt needed to maximize the visibility
prevent a full 2pi excursion. This however can be circum-
vented using phase plates with increased thickness.
Fig. 2 Remote preparation of pure states along two differ-
ent paths over the Bloch sphere. a) states on the |H〉 − |D〉
meridian plane are obtained varying ∆ϕ1. b) states on the
equatorial plane are obtained setting ∆ϕ1 for an equal weight
superposition state and changing ∆ϕ2 to cycle through com-
plex and real amplitudes. Grey volumes around the points rep-
resent the uncertainty of the measurements, estimated from
the standard deviation of a set of similar measurements.
Preparation of mixed states is also straightforward:
adding further delay between the two path states by in-
creasing ∆ϕ2 several cycles allows us to obtain partially
mixed states as the temporal overlap between wavepack-
ets diminishes. In this way we can obtain a discrete
covering of the entire Bloch sphere volume. Figure 3
shows teleported states between the statistical mixture
1/2 (|H〉 〈H|+ |V 〉 〈V |) and the coherent superposition
1/2 (|H〉+ |V 〉) (〈H|+ 〈V |) .
Fig. 3 Remote preparation of mixed states. The degree of
mixture is obtained acting on the temporal mismatch between
the interferometer arms. Almost pure states are obtained
when the interferometer arms are compensated. Increasing
the delay between arms leads to a deterioration of the fringe
visibility and an increase of the degree of mixture on the pre-
pared state. Color codes the degree of mixture of the states,
given by the modulus of the Bloch vector
The average fidelity for a single qubit quantum pro-
cess described by E(ρ) = ∑mn χmnEmρE†n can be calcu-
lated from the χ00 element of the χ-matrix representa-
tion of the process [25], provided that the operator base
{Em} satisfies: Tr (EmEn) = 2δmn, EmE†m = I, and
E0 = I [26], as
FAV =
2χ00 + 1
3
.
Quantum process tomography was performed on each
of the possible outcomes of the teleportation process,
that is, the quantum state obtained by Bob conditioned
to each of the four possible results obtained by Alice.
Figure 4 plots the real and imaginary parts of the re-
constructed process corresponding to detections on the
|0H〉 channel. This output corresponds to the prepared
state, meaning that the operation required to recover
the prepared state is the identity. The average fidelity
for this process is F IAV = 0.95, which is well above the
2/3 limit for the maximum fidelity attainable with clas-
sical teleportation [27]. A numerical simulation the QT
protocol using the tomographically reconstructed entan-
gled photon state produced by our source and ideally
prepared input states, gives an upper limit for the av-
erage fidelity of F limAV = 0.97, which is very close to the
above value. This suggests that the fidelity of the actual
implemented process is mainly limited by the quality
of the quantum resource. As expected, the other out-
puts correspond to rotations of the input state given by
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the Pauli operators Z, Y and X. The average fidelities
for these processes are FZAV = 0.87, F
Y
AV = 0.87 and
FXAV = 0.90. We ascribe these lower values for average
fidelities to a state-dependent loss of contrast on the in-
terferometer due to the residual polarization sensitivity
and the unbalance of the reflection and transmission co-
efficients of the non-polarizing beamsplitter, in which all
the four faces are used as inputs as well as outputs.
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Fig. 4 Measured χ-matrix of the teleportation process for
the |0H〉 channel, real (left) and imaginary (right) part. This
process is dominated by the identity; χ00 = 0.92, giving an
average fidelity of FAV = 0.95.
4 Concluding Remarks
We report a stable and repeatable setup to remotely pre-
pare a path qubit and transmit it to a distant polariza-
tion qubit. The experimental setup allows us to prepare
both mixed and pure states. The displaced Sagnac in-
terferometer is a key factor for the stability and control
of the path qubit operations. In this work, the concept
of ”remote” has an additional meaning, being that all
the rotations on the path qubit that are needed for the
state preparation, and all the projective measurements
performed on the receiver side to perform state tomog-
raphy are automated via servomotors and distantly op-
erated from a personal computer. As a consequence, me-
chanical and thermal disturbances are minimized. Both
spectral and spatial filtering are implemented acting on
the transverse profile of the photon beams. We obtain av-
erage fidelities for the remote preparation that are essen-
tially limited by the quantum entangled resource. This
implementation of RSP can be a useful tool for one-way
quantum computation, which is based on a sequence of
single-qubit measurements with classical feed-forward of
their outcomes [28], and from the point of view of the
teleportation algorithm, it will act as a versatile test bed
for studies of fidelity enhancement or deterioration under
certain noisy local environments [29,30]. This work was
funded by ANPCyT and CONICET grants. We thank
B. Taketani and J. P. Paz for useful discussions.
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